Both plants and animals must contend with changes in their environment. The ability to respond appropriately to these changes often underlies the ability of the individual to survive. In plants, an early response to environmental stress is an alteration in plasmodesmatal permeability with accompanying changes in cell to cell signaling. However, the ways in which plasmodesmata are modified, the molecular players involved in this regulation, and the biological significance of these responses are not well understood. Here, we examine the effects of nutrient scarcity and excess on plasmodesmata-mediated transport in the Arabidopsis thaliana root and identify two CALLOSE SYNTHASES and two β-1,3-GLUCANASES as key regulators of these processes. Our results suggest that modification of plasmodesmata-mediated signaling underlies the ability of the plant to maintain root growth and properly partition nutrients when grown under conditions of excess nutrients.
Introduction
Throughout their development, plants are subject to changes in their environment. Plant growth, metabolism, and development are affected by both biotic (biological) and abiotic (environmental) factors. When these factors negatively impact the health, fitness, or survival of the plant, they are referred to as biotic or abiotic stress. An increasingly common form of abiotic stress is poor soil quality, where a scarcity of essential nutrients or contamination with heavy metals decreases plant productivity and generally decreases plant health (Bates, 1971; Nagajyoti et al., 2010) . Plants have developed several strategies to mitigate the negative impacts of poor soil on growth. Among these strategies are the ability to adjust (increase or decrease) nutrient uptake (Takahashi et al., 1997; Grotz et al., 1998; Vert et al., 2001; Sancenón et al., 2004) , modify growth to increase or limit access to nutrients (Caldwell and Pearcy, 1994; Williamson et al., 2001; Linkohr et al., 2002; Lequeux et al., 2010; Gruber et al., 2013) , and the ability to mobilize and sequester excess nutrients to prevent toxicity and cell death (Salt et al., 1995; Seregin et al., 2003) .
A common acute response of plants to biotic or abiotic stress is a decrease in plasmodesmatal permeability (Sivaguru et al., 2000; Samardakiewicz et al., 2012) . Nearly all cells in the plant are connected to their neighbors by plasmodesmata, intercellular channels that physically connect the plasma membrane and endoplasmic reticulum (ER) of the adjoining cells, creating cytoplasmic (symplastic) continuity (Robards and Lucas, 1990) . Throughout the life of the plant, plasmodesmata serve as major conduits for the movement of sugars and metabolites to fuel growth, as well as the trafficking of developmental signals that control tissue patterning and cell identity (Kurata et al., 2005; Corbesier et al., 2007; Koizumi et al., 2012; Kawade, 2014) . Many small molecules are able to diffuse freely through plasmodesmata; however, the extent of symplastic movement of a molecule depends both upon its size and the size of the plasmodesmatal aperture (or plasmodesmatal pore) (Wolf et al., 1989; Angell et al., 1996; Kim et al., 2002; Roberts and Oparka, 2003; Zambryski, 2004) . Plasmodesmatal permeability therefore is often measured as the size of a molecule that can move freely between neighboring cells and the distance that the molecule is able to travel from its source. During the course of normal development in Arabidopsis thaliana, transient decreases in plasmodesmatal permeability are associated with the initiation of new organs and the transition from vegetative to floral growth (Gisel et al., 2002; Benitez-Alfonso et al., 2013) . Defects in symplastic signaling are often lethal. The ability of both endogenous and environmental cues to modify plasmodesmatal permeability therefore may allow abiotic signals directly to alter developmental programs.
A major regulator of plasmodesmatal permeability is the polysaccharide (β-1,3-glucan) callose. Callose is an essential component of the phragmoplast and is present in specialized and newly formed cell walls. In mature cell walls, callose is found in association with plasmodesmata where is regulates plasmodesmatal permeability. Increases in plasmodesmata-localized callose are associated with decreases in plasmodesmatal aperture and a reduction in the free movement of molecules between cells (Zavaliev et al., 2011; Vatén et al., 2011) . Callose levels are regulated by the opposing activities of two enzymes: callose synthases (β-1,3-glucan synthases) and β-1,3-glucanases, which produce and break down callose, respectively ). While callose is an important player in developmental and environmental responses, very little is known about how the callose synthases and β-1,3-glucanases are regulated. Increased levels of intracellular calcium and reactive oxygen species have been linked to both increases and decreases in callose and changes in plasmodesmatal permeability (Holdaway-Clarke et al., 2000; Benitez-Alfonso et al., 2011; Steinhorst and Kudla, 2013) . Additionally, there appears to be subfunctionalization of the callose synthases both in where they function within the cell and in their responses to biotic and abiotic stress (Jacobs et al., 2003; Cui and Lee, 2016) .
Recently Müller et al. (2015) showed that growth of A. thaliana seedlings on medium lacking phosphate caused a significant increase in the accumulation of callose in the root meristem, particularly surrounding the quiescent center (QC) cells. Accompanying the increase was a reduction in plasmodesmatal permeability and alterations in cellular patterning.
Because the phosphate starvation phenotype could be rescued by reducing the levels of iron in the medium, it was suggested that the increase in callose induced by low phosphate is an iron toxicity response. These results raise the possibility that increased levels of essential nutrients translate into changes in development via alterations in symplastic signaling.
In order to better understand the connections between abiotic stress, callose, plasmodesmatal permeability, root growth, and nutrient distribution, we examined the acute effects of nutrient stress (paucity and excess) on cell to cell signaling in the root of A. thaliana. In examining the effects of various growth conditions on callose deposition and root growth, we found that a decrease in plasmodesmal permeability is not a universal response to an abiotic stress. Specifically, excess iron and copper caused distinct responses in A. thaliana. Growth of roots on excess iron inhibited the growth of the primary root and decreased plasmodesmatal permeability, whereas excess copper generally increased movement through plasmodesamata. Iron and copper exerted their effects on plasmodesmata via the regulation of specific callose synthases and β-1,3glucanases, respectively.
Materials and methods

Plant materials and growth conditions
Col-0 seedlings were used as controls for all lines, with the exception of cals6 where WS was used ( Supplementary Table S1 at JXB online). The Cycb1;1:GUS (β-glucuronidase) lines were provided by Dr Scott Poethig (University of Pennsylvania), the SUC2:GFP (green fluorescent protein) lines were provided by Dr Steffen Abel (Leibniz Institute of Plant Biochemistry), and the cals lines indicated in Supplementary Table S1 were provided by Dr Jung-Youn Lee (Delaware Biotechnology Institute). All seeds were sterilized using 20% bleach solution, and kept at 4 °C for 2 d before sowing onto 1× Murashige and Skoog (MS) medium (Caisson Labs, Catalog number MSP01, Smithfield, UT) with 1% sucrose and 1% Difco Agar (BD, Catalog number 21144530, Franklin Lakes, NJ, USA). Plants were grown in an incubation chamber using a 16 h light/8 h dark cycle at 23 °C. After 5 d, seedlings were transferred to new medium for 1 d or 3 d before analysis. For plates containing excess heavy metals, the following concentrations were added to 1× MS medium: 50 µM CuSO 4 , 150 µM ZnSO 4 , 600 µM FeEDTA, or 85 µM CdCl 2 . For low nutrient plates, the medium was made with the following concentrations of macro-and micronutrients (in place of MS): 5 mM potassium nitrate, 2 mM calcium nitrate, 2 mM magnesium sulfate, 2.5 mM potassium phosphate, 14 µM manganese chloride, 70 µM boric acid, 1 µM zinc sulfate, 0.5 µM copper sulfate, 0.2 µM sodium molybdate, 0.01 µM cobalt chloride, and 50 µM NaFe EDTA. For low phosphate medium, potassium phosphate was omitted, 2.5 mM potassium chloride was added as a potassium source, and agar was purified (washed) as described in Ward et al. (2008) . For low iron medium, NaFe EDTA was omitted, and 100 µM Ferrozine (an iron chelator) was added. For low zinc medium, ZnSO 4 was omitted.
Growth measurements
Five-day-old seedlings were transferred to the indicated media for 1-3 d. Growth of the primary root was measured on unmodified 1× images of roots before and after treatment using the segmented line function tool in ImageJ; two-tailed t-test, P<0.05.
Aniline blue staining
Seedlings were grown for 5 d on standard MS medium and then transferred for 24 h to new medium as indicated. After 24 h on the new medium, roots were stained with aniline blue and assessed for the induction of callose. Seedlings were stained in aniline blue solution (750 µl of 67 mM K 3 PO 4 pH 9.5, 240 µl of distilled water, 1 µl of Silwet-77, and 10 µl of 1% aniline blue) in the dark for 1 h prior to imaging as described in Cui and Lee (2016) . Quantification of callose levels was performed on unmodified confocal micrographs of aniline blue-stained roots taken using a Leica SP5 scanning confocal microscope with a 405 laser. When quantified, the entire root was selected as a region of interest (ROI) and the mean fluorescence intensity was measured using ImageJ. For additional information on quantification of callose using aniline blue staining, see Zavaliev et al. (2011 Zavaliev et al. ( , 2013 . For each set of experiments, control images were taken on the same day as the experimental (stress) treatments and the same confocal and confocal settings were used each time the roots were imaged. The minimum number of roots used for each experiment is given in the relevant figure legends.
CFDA CFDA [5(6)-carboxyfluorescein diacetate (Invitrogen, Catalog number C195, Carlsbad, CA, USA] was dissolved in DMSO at 50 mM stock concentration and stored at -20 °C. Fresh working solution was prepared for each experiment by diluting the stock 1:50 in autoclaved water. Prior to imaging, 2 µl of the CFDA working solution was applied to root tips under a dissecting scope using a 2 µl micropipette. Roots were then incubated at room temperature for 5 min and imaged on an Olympus MVX10 stereomicroscope using the GFP filter. The extent of carboxyfluorescein (CF) movement from the root tip towards the shoot was measured using thje ImageJ segmented line function. The color threshold was adjusted to minimize autoflourescence. The parameters were as follows: hue 57-108, saturation 133-255, brightness 0-60, thresholding method default, threshold color white, color space HSP (the thresholding protocol is based upon DANS methods as described in Cui et al., 2015) . Wilcoxon rank sum test was used; asterisks indicate P<0.05. The boxplot was created using R Studio.
GUS staining
Whole seedlings were placed in ice-cold 90% acetone for 10 min. Acetone was then removed and replaced with staining buffer containing 50 mM PO 4 buffer, 0.2% Triton-X100, and 2 mM ferrocyanide/ ferricyanide, and incubated for 10 min. Staining buffer was then removed and replaced with staining buffer containing 2 mM X-Gluc and incubated for 15 min. Samples were incubated at 37 °C overnight. Samples were washed three times with 70% ethanol, and imaged using differential interference contrast (DIC).
SUC2:GFP
Five-day-old seedlings expressing SUC2:GFP were transferred to stress medium for 1 d. Roots were then imaged using a Leica SP5 confocal microscope with a 488 laser and standard Leica defined conditions for quantifying GFP fluorescence. Propidium iodide was used as a counterstain for the cell wall. Ratiometric data were generated by taking QC:P fluorescence intensity ratios in ImageJ.
Raster image correlation spectroscopy
Five-day-old 35S::GFP seedlings were transferred to stress medium for 24 h. Raster image correlation spectroscopy (RICS) was performed according to Clark et al. (2016) . Images were collected using a Zeiss 710 confocal microscope. Frames were acquired using Raster scan with a dwell time of 12.61 µs pixel -1 , for 100 frame series. Diffusion coefficients were derived using SimFCS software. Wilcoxon rank sum test was used, P<0.05. The boxplot was created using R Studio.
Laser ablation-inductively coupled plasma-mass spectrometry
LA-ICP-MS was performed according to Shimotohno, et al. (2015) . Fiveday-old seedlings were treated with 50 μM Cu for 24 h, then mounted on microscope slides using double-sided tape. Positions for laser ablation were set using computer software and a camera, with a spot size of 10 µm and a spacing of 30 µm between punches. Accumulative signal intensities (accumulative for all punches in single spot, for a single root) were calculated, and then three biological replicates were used to calculate an average for each spot.
Results
Restrictions in plasmodesmatal permeability are not a universal response to nutrient stress
To determine whether a decrease in plasmodesmatal permeability is a general response to abiotic stress, we exposed 5-day-old A. thaliana seedlings to media lacking phosphate, iron, or zinc, as well as media containing excess iron, copper, or zinc for 24 h. In addition, we examined the effects of cadmium, which competes with these metals for its uptake into the root. The concentrations used here for excess heavy metals reflect conditions encountered by terrestrial plants grown in polluted soils (Anderson, 1991; Holmgren et al., 1993; Cole et al., 2001; Li et al., 2001; Arias et al., 2004; Kumar Sharma et al., 2007) . To measure plasmodesmatal permeability, we used the symplastic tracer, CFDA (Wang and Fisher, 1994; Cui et al., 2015) . Within plant cells, CFDA is converted into the fluorescent molecule CF, which is membrane impermeable and traffics between cells exclusively via plasmodesmata (Cui et al., 2015) . Under our assay conditions, when CFDA was applied to the root tip, CF was rapidly detected in the epidermis and cortex in the root meristem and within 5 min of application moved an average distance of 6.8 mm, shootwards ( Fig. 1A, B ). In roots grown for 24 h on 0 µM phosphate, 0 µM iron, 600 µM iron, or with 85 µM cadmium, the shootward movement of CF was significantly reduced, suggesting that these growth conditions elicited a decrease in plasmodesmatal permeability (Fig. 1A) . In contrast, roots grown 0 µM zinc, 150 µM zinc, or 50 µM copper all increased the distance that CF traveled from the root tip, indicating an increase in plasmodesmatal permeability ( Fig. 1A) . Under all growth conditions (paucity or excess), cells in the root meristem were viable and actively dividing (cycb1;1:GUS expression; Supplementary Fig. S1 ). Likewise, with the exception of phosphate deficiency which significantly increased the frequency of emerged root hairs ( Fig. 3G ), none of these treatments affected the overall patterning of the root. These results suggest that the changes in the movement of CF in response to nutrient stress are not the result of general changes in the structure of the root, but rather modifications in plasmodesmatal permeability.
To complement the CFDA assays, we examined movement of free (untagged) GFP (~27 kDa) in the root meristem. Under normal growth conditions, GFP is able to move via plasmodesmata (Schönknecht et al., 2008) . When GFP is expressed in the phloem companion cells using the SUCROSE-H + SYMPORTER 2 (SUC2) promoter (SUC2:GFP), GFP is unloaded into the pericycle and diffuses via plasmodesmata throughout the entire root meristem ( Fig. 2A ; Supplementary  Fig. S2 ) (Imlau et al., 1999; Ross-Elliott et al., 2017) . In roots with defective trafficking, however, GFP movement into the meristem is limited (Benitez-Alfonso et al., 2009; Müller et al., 2015) . Hence the extent of movement of GFP (driven by the SUC2 promoter) from the phloem into the root meristem is commonly used as a measure of plasmodesmatal permeability (Müller et al., 2015) . In our assays, growth of roots for 24 h on 50 µM copper, 150 µM zinc, or 0 µM phosphate had no significant effect on movement of GFP ( Fig. 2C , D, G, I; Supplementary Fig. S2B ). In contrast, 24 h treatment of roots with 0 µM iron, 0 µM zinc, 600 µM iron, or 85 µM cadmium reduced GFP movement ( Fig. 2B , E, F, H, I; Supplementary  Fig. S2A ). To quantify movement of GFP from the phloem into the meristem, we calculated the ratio of GFP fluorescence in an ROI above the QC ( Fig. 2A , white box; this is a region into which GFP moves) relative to an ROI in the stele ( Fig. 2A , yellow box) where GFP is directly expressed (the QC:P ratio). Additionally, we measured GFP intensity levels in the radial axis across a region of the root where the phloem strands extend into the meristem. In roots with a decreased QC:P ratio, we observed peaks in GFP signal intensity in the two phloem strands ( Fig. 2I ; Supplementary Fig. S2 ), suggesting a decrease in movement of GFP in the radial axis. These results indicate that short-term exposure of roots to iron and zinc deficiency, excess iron, or cadmium decreases plasmodematal permeability in the post-phloem domain of the root meristem and limits movement in the radial axis. Collectively these data indicate that while many stressors trigger a decrease in plasmodesmatal permeability, a restriction in plasmodesmatamediated trafficking is not a universal response to abiotic stress.
Changes in the accumulation of callose drive the response of the root to iron and copper
When callose is deposited at plasmodesmata, there is a general decrease in the size of plasmodesmatal apertures and restricted movement of macromolecules between cells. To determine if any of our growth conditions affect the accumulation of callose in the root, we stained roots with aniline blue, a fluorescent dye that quantitatively binds callose (Zavaliev and Epel, 2015) . In the root meristem, callose is particularly apparent in the walls of newly divided cells; however, low basal levels of callose are found surrounding all cells under normal growth conditions (Fig. 3A ). Short-term (24 h) growth of roots on 85 µM cadmium, 0 µM iron, 0 µM zinc, and 150 µM zinc had no effects on callose levels or the gross pattern of callose deposition in the root meristem, elongation, or differentiation zones when compared with controls ( Fig. 3D -F, H, I). In contrast, roots grown on media with 50 µM copper had a significant decrease in the levels of callose ( Fig. 3C, I) , which correlated with the observed increase in movement of CF ( Fig. 1 ). Growth of roots on phosphate-deficient media resulted in a tissue-specific accumulation of callose in the root epidermis, particularly in regions where the root hairs were present (Fig. 3G ). Growth of roots on 600 µM iron resulted in a largely phloem-specific increase in the accumulation of callose ( Fig. 3B) . Interestingly, the deposition of callose in response to excess iron was reversible: when roots were transferred onto normal media and allowed to recover for 24 h, the distribution and levels of callose returned to normal pre-treatment levels and profiles ( Supplementary Fig. S3A '-C'). The restriction of GFP movement was similarly reversible. When roots grown for 24 h on excess iron were transferred back onto control media for 24 h, the QC:P ratios returned to normal and the radial GFP profiles were identical to the pre-treatment control roots ( Supplementary Fig. S3A-C) . These results indicate that the block to movement of free GFP in response to excess iron is For this assay, CFDA was micropipetted to the root tip and then incubated at room temperature for 5 min prior to imaging. Distance of movement was then measured as described in the Materials and methods on modified images using ImageJ. Green boxes indicate an increase in movement; pink indicates a decrease. A significant difference relative to control images is also indicated by asterisks (Wilcoxon rank sum test; P<0.05, n>24). (B, B'). Representative images of CF after a color threshold has been applied using ImageJ under (B) control or (B') 600 µM Fe. The red arrows indicate the direction and approximate extent of CF movement. not the result of permanent changes to plasmodesmatal structure and instead is correlated with changes in callose.
To assess further the relationship between callose and plasmodesmatal permeability, we used RICS to measure the diffusion coefficient of GFP between cells in the stele of the root meristem (Rossow et al., 2010; Clark et al., 2016) . Specifically, we used GFP driven by a 35S promoter (35S:GFP) and measured the diffusion of GFP in roots grown on 50 µM copper, 600 µM iron, and 150 µM zinc. While treatment of roots with 600 µM iron restricted movement of GFP (SUC2:GFP) out of the phloem, it had no effect on the diffusion coefficient of GFP (7.33 μm 2 s -1 in iron-treated roots relative to 7.94 μm 2 s -1 in the controls; Fig. 4C ), suggesting that the decrease in the QC:P ratio of the iron-treated roots (Fig. 2B) reflects an inability of GFP to move out of the phloem and not a general decrease in plasmodesmatal permeability throughout the meristem. These results are consistent with the largely tissue-specific increase in callose we see in the phloem of roots exposed to excess iron ( Fig. 3B ). Treatment of roots with 50 µM copper or 150 µM zinc increased the movement of CF (Fig. 1) ; however, only excess copper affected the diffusion coefficient of GFP within the meristem (12.74 μm 2 s -1 relative to 7.94 μm 2 s -1 in the controls; Fig. 4A ). These data suggest that the decrease in callose deposition in response to excess copper (Fig. 4C , I) results in a general increase in plasmodesmatal permeability. In contrast, treatment of roots with 150 µM zinc ( Fig. 4D , I) had no effect on the overall levels of callose in the root and limited effects on plasmodesmatal permeability.
Callose synthases and β-1,3-glucanases control the levels of callose in response to excess iron and copper
To identify genes involved in the response of A. thaliana roots to excess iron or copper, we tested the ability of callose synthase and β-1,3-glucanase mutants to respond to 24 h treatment with excess iron or copper ( Supplementary  Fig. S4 ). We were able to isolate viable homozygous loss-offunction lines for 10 of the 12 callose synthase (CalS) family members; loss of CalS9 and CalS10 are gametophytic and seedling lethal, respectively (Enns et al., 2005; Huang et al., 2009; Thiele et al., 2009) . Eight of the 10 cals lines responded to excess iron in the same fashion as wild-type plants, with strong and specific increases in aniline staining in the phloem ( Supplementary Fig. S4 ). In contrast, cals5 (cals5-2, cals5-3, or cals5-5) and cals12 (cals12-1 or cals12-2) showed an attenuated response to excess iron (Fig. 5 ). Basal levels of callose were decreased in cals5 roots; however, the cals5 lines were responsive to treatment with excess iron, showing an average 31% increase in aniline blue staining overall (comparable with the 33% increase in the wild type; Fig. 5D ). Likewise, 24 h treatment of the cals5 lines with excess iron significantly inhibited movement of CF ( Supplementary Fig. S5 ). However, there were qualitative difference in how the cals5 lines responded to excess iron. Only 50% of the cals5 roots showed prominent phloem-specific accumulation of callose in response to excess iron. In addition, when cals5 roots were grown for 24 h on 600 µM iron, callose levels increased, but only to the levels of untreated wild-type roots (Fig. 5D ). None of the cals5-2 lines expressing the SUC2:GFP marker showed any changes in the QC:P ratio of GFP in response to treatment with excess iron (Fig. 5F, F' ; wild-type control images are shown in Fig. 5E, E') , which is consistent with the low basal levels of callose in cals5 roots. The cals12 roots showed normal basal levels of callose, but no increases in callose levels in response to 24 h treatment with excess iron (Fig. 5D ). Consistent with these results, GFP movement from the phloem of the SUC2:GFP-expressing cals12 roots was not inhibited by treatment with excess iron (Fig. 5G,  G' ). CF movement, however, was inhibited in cals12 roots in response to excess iron ( Supplementary Fig. S5 ). These results suggest that CalS5 is required for basal production of callose in the root, whereas CalS12 is responsible for iron-induced production of callose. Pathways independent of either CalS5 or CalS12 restrict movement of CF.
Next, we examined D-class (as defined by Doxey et al., 2007) β-1,3-glucanases, which show root-specific expression. We were able to isolate homozygous mutants for all of the group D genes with the exception of At3g04010. In addition, we examined loss-of-function lines for BG_PPAP, a stress-responsive plasmodesmata-localized β-1,3-glucanase (Levy et al., 2007) ( Supplementary Table S1 ). Neither bg_ppap (bg_ppap-1 or bg_ppap-2) nor bg6 (bg6-1 or bg6-2; At4g16260) showed a reduction in callose levels or an increase in CF movement in response to excess copper (Fig. 6) , indicating that both BG_PPAP and BG6 are required for wild-type responses to excess copper. However, BG_PPAP and BG6 are not generally required for the breakdown of callose. Both bg_papp-1 and bg6-1 showed wild-type increases in phloem-specific callose in response to excess iron and, more importantly, normal breakdown of callose after 24 h recovery on normal media ( Supplementary Fig. S6 ). These results indicate that BG_PPAP and BG6 mediate a reduction in callose levels in response to excess copper. They further support the premise that changes in callose underlie changes in plasmodesmatal permeability. Supplementary  Fig. S3D to demonstrate the lack of autofluorescence). An asterisk under boxes indicates a significant difference (asterisks indicate P<0.05; Wilcoxon rank sum test, n>19) in fluorescent intensity relative to the control. In (F) and (H) images were squared off after cropping using black fill with a dotted white outline to show modification to the original image.
Changes in callose levels under excess copper or iron influence root growth
To examine the connection between nutrient stress, callose, and root growth, we looked at changes in the growth of A. thaliana roots after treatments with excess copper or iron. As shown in Supplementary Fig. S7 , both 50 µM copper and 600 µM iron decreased the rate of root growth (by 35% and 50%, respectively, at day 1, and by 33% and 70%, respectively, at day 3); however, even after 7 d of growth, the root meristems are actively dividing ( Supplementary Fig. S1A-D, inset) . Several groups have shown a correlation between callose and root growth, where stress-induced increases in callose inhibit growth of the primary root (Sivaguru et al., 2000; Müller et al., 2015; Zhang et al., 2015) . To test whether reducing callose levels could ameliorate the effects of excess iron or copper on primary root growth, we measured the growth of cals5-2 and cals12-1 roots after 3 d on 600 µM Fe or 50 µM Cu. As shown in Figs 7 and 8, cals5 but not cals12 seedlings were less sensitive to iron-induced inhibition of root growth. Since the cals5-2 lines, but not cals12-1, had decreased basal levels of callose ( Fig. 5D ), these results suggest that reducing basal levels of callose may moderate the effects of copper or iron stress on root growth.
To examine further the relationship between callose and root growth, we measured the effects of excess copper on the growth of bg_ppap-1 and bg6-1 roots, which fail to break down callose in response to excess copper. Relative to the wild type, the growth of bg_ppap-1 and bg6-1 roots was significantly inhibited by 3 d incubation on 50 µM Cu (Fig. 8D . As shown in Fig. 8A'-C') , there is a decrease in the size of the meristem of bg_ppap-1 and bg6-1 grown for 3 d on 50 µM Cu and evidence of cell death (for comparison bg_ppap-1 and bg6-1 roots 24 h after 50 µM copper treatment are shown in Supplementary Fig. S8 ). Cells in the elongation zone of the bg_ppap-1 and bg6-1 roots exposed to 50 µM Cu showed a radially swollen phenotype, indicating defects in cell expansion. Note that the bg_ppap-1 and bg6-1 roots were not more sensitive to the inhibitory effects of excess iron treatment (Fig. 7) , indicating that these roots are not just inherently more sensitive to heavy metal stress. Collectively, these results suggest that increases in callose in response to heavy metal stress generally limit primary root growth. Moreover, the breakdown of callose by BG_PPAP and BG6 helps to maintain cellular integrity and normal root growth in the presence of excess copper.
The distribution of copper is altered in the β-1,3glucanase mutants
Since there are both apoplastic and symplastic routes for the transport of heavy metals, changes in symplastic permeability may alter the distribution of metals within the root. To determine where in the root iron and copper accumulates and whether changes in plasmodesmatal permeability affect elemental distributions, we used LA-ICP-MS (Shimotohno et al., 2015) to sample roots. For our assays, 10 μm punches (positioned along a linear grid; Fig. 9 ) were taken from a live A. thaliana root; these punches were coupled to MS to determine elemental concentrations in these tissues. Unfortunately, the counts per second for iron analysis were very low in all genotypes, in all regions of the root, and not resolvable from the background. Thus, we were unable to determine accumulative signal peak intensity for iron levels in the root. However, we were able to assay copper concentrations.
Under normal growth conditions, the wild type, bg_ppap-1, and bg6-1 all showed similar levels of accumulation of copper throughout the root. After 24 h on 50 µM copper, wild-type roots showed increases in copper levels throughout the length of the root, with even higher levels in punches 1 and 2, which correspond to the meristem and elongation zones of the root. In root punches 3-10, bg_ppap-1 and bg6-1 roots did not differ from the wild type in the levels of copper. In punch 2, levels of copper in bg_ppap-1 and bg6-1 were slightly higher than in the wild type. However, in the meristem (punch 1), copper levels were dramatically (2-to 2.5-fold) higher in ppap-1 and bg6-1 relative to wild-type roots treated with excess copper. These For these assays, 5-day-old roots expressing the 35S:GFP construct were transferred for 24 h to media containing excess copper, iron, or zinc prior to imaging. (C) Average diffusion coefficients for free GFP in roots after 24 h of treatment with 50 µM copper, 600 µM iron, or 150 µM zinc are shown in the box plots. An asterisk indicates a significant (P<0.05, Wilcoxon rank sum test, n>14) difference in movement from control roots. The circle outside the box is an outlier. results indicate that copper levels are altered in the meristem of bg_ppap-1 and bg6-1 roots relative to the wild type. The region of the root with the most substantial increases in copper in the bg_ppap-1 and bg6-1 roots at 24 h is also the region of the root whose development appears most affected by excess copper at day 3. These results suggest that in the absence of BG_PPAP or BG6, roots are less able to restrict copper from the root meristem, perhaps due to reduced symplastic movement of copper in these lines.
Discussion
A central problem for any organism is the need to co-ordinate complex developmental and physiological programs while simultaneously responding and adapting growth to a changing environment. This is particularly true for plants, whose growth can be dramatically affected by the environment. A common response of plants to abiotic stress (wounding, cold treatment, and metal toxicity) is a restriction in plasmodesmatal permeability. Here we show that while many different types of nutrient stress (paucity or excess) affect symplastic signaling, not all conditions decreased movement through plasmodesmata. For example, treatment of A. thaliana seedlings with excess copper increased movement of both CF out of the root tip ( Fig. 1) and free GFP within the root meristem (Fig. 4) . In contrast, treatment of seedlings with 600 µM iron, 85 µM cadmium, or 0 µM iron followed the expected trend; movement of both CF and free GFP was reduced compared with controls, indicating a decrease in plasmodesmatal permeability (Figs 1, 2) . For both the 50 µM copper treatment and the 600 µM iron treatment, the changes in symplastic signaling correlated with decreases and increases in the levels of callose, respectively. However, neither 0 µM iron nor 85 µM cadmium had any quantitative effects on aniline blue staining in the root meristem or elongation zone (Fig. 3) . Particularly intriguing were the effects of 0 µM zinc on plasmodesmatal permeability. Growth of roots on 0 µM zinc had no effects on callose (at least as measured by aniline blue staining), but increased the movement of CF out of the root tip ( Fig. 1) and decreased movement of free GFP out of the phloem into the root meristem (Fig. 2) . These results suggest differential regulation of plasmodesmatal permeability (perhaps shootward versus rootward transport) in response to limiting zinc in a callose-independent manner. While callose is the best understood regulator of plasmodesmatal permeability, other molecules, subcellular domains, and structural differences can regulate cell-cell connectivity. Changes in plasmodesmata structure, microdomains, or membrane contact sites (MCSs) all influence plasmodesmatal permeability. We would not be able to detect any of these alterations using our aniline blue staining protocol.
Previously, Müller et al. (2015) showed that growth of A. thaliana seedlings for 48 h on 0 µM phosphate blocked movement of free GFP out of the phloem and decreased movement of SHR-GFP into the QC cells in the root meristem. These changes in trafficking correlated with increased callose deposition in the root meristem, particularly in the QC. While (E-G') Treatment of cals5 and cals12 seedlings with 600 µM Fe has no effect on the movement of GFP. GFP localization in 6-day-old wild-type, cals5, and cals12 seedlings expressing SUC2:GFP 24 h after transfer to (E-G) standard MS (control) medium or (E'-G') medium containing 600 µM iron. QC:P ratios (as shown in Fig. 2 ) for (F( and (F') are 0.49 and 0.51, respectively, and 0.63 and 0.64 for (G) and (G'), respectively. Scale bars in A-G'=100 µm.
we observed a decrease in the movement of CF in response to 0 µM phosphate ( Fig. 1) and increased callose deposition in the root meristem and elongation zone ( Fig. 3 ; particularly in the root epidermis), we were not able to replicate the changes in QC-specific accumulation of callose or plasmodesmatal permeability (Müller et al., 2015) .
One of the suggestions of Müller et al. (2015) was that the response of the root (callose deposition, reduced growth, and depletion of the stem cell population) to low phosphate was an iron toxicity response. This idea is based upon the findings of Ward et al. (2008) who showed that the effects of low phosphate on the root meristem are ameliorated by removing iron from the media. However, neither group looked specifically at the effects of excess iron on root growth. Here, when roots were grown on media containing excess iron (100-600 µM) with sufficient phosphate, we saw a general stunting of root growth and dramatic increases in the accumulation of phloemspecific callose ( Supplementary Fig. S8 ), but no changes in the organization or viability of the meristem. Even when germinated and grown for 7 d on media containing 600 µM iron, the cells within the meristem were mitotically active ( Supplementary Fig. S1 ). Recently, Gutiérrez-Alanís et al. (2017) showed that growth of A. thaliana seedlings on 0 µM phosphate causes a redistribution of iron out of the QC that elicits the ectopic expression of CLAVATA3/ESR (CLE)related protein 14 (CLE14); CLE14 in turn triggers the differentiation of the meristem independent of callose distribution. Likewise, Gutiérrez-Alanís et al. (2017) showed that when A. thaliana seedlings were grown for 7 d on medium with sufficient phosphate, but excess iron (50-500 µM), there was little Fig. 6 . Mutations in the β-1,3-glucanases, BG_PPAP or BG6, impair the roots' response to copper. Aniline blue staining of roots from the wild type and β-1,3-glucanase mutants (genotypes indicated) (A-C) prior to and (A'-C') 24 h after transfer to control MS medium or medium containing 50 µM Cu. Scale bar=100 µm. (D) Quantification of callose levels in the wild type, bg_ppap-1, and bg6-1 before and 24 h after 50 μM Cu treatment. Asterisks indicate a significant difference (P<0.05, comparisons indicated; two-tailed t-test, n>19). (E) CFDA transport in bg_ppap-1 and bg6-1 roots is not affected by excess copper; asterisks indicate a significant difference (P<0.05; Wilcoxon rank sum test, n>24). effect on the root meristem and no changes in the expression of CLE14. These results indicate that excess iron and 0 µM phosphate have distinct effects on root growth.
Callose is a key regulator of plasmodesmatal permeability whose levels are controlled by the antagonistic activities of callose synthases and β-1,3-glucanases. Of the 12 annotated callose synthases in A. thaliana, CalS10 and CalS7 (at least in part) localize to plasmodesmata and non-redundantly regulate cell to cell trafficking (Töller et al., 2008; Xie et al., 2011) . CalS3 also localizes to plasmodesmata, and in gain-of-function assays was shown to reduce plasmodesmatal permeability (Vatén et al., 2011) . Recently Cui and Lee (2016) showed that CalS1 and CalS8 control plasmodesmatal permeability in response to biotic (infection with Pseudomonas syringae pv. maculicola) and abiotic (wounding) stress, respectively, indicating that at least 5 of the 12 callose synthases in A. thaliana play a role in plasmodesmatal permeability. Here we find roles for both CalS5 and CalS12 in the regulation of callose and plasmodesmatal permeability. In our assays, CalS12 specifically impaired the ability of the root to respond to iron; cals12 mutants had diminished ability to deposit phloem-specific callose and to block movement of GFP out of the phloem in response to excess iron (Fig. 5 ). Unlike CalS12, CalS5 was required for the basal level of callose in unstressed roots, and cals5 mutants showed normal increases in callose in response to iron (Fig. 5) , indicating that CalS5 is not specifically required for ironinduced changes in plasmodesmatal permeability.
Three different β-1,3-glucanases (pdBG1, pdBG2, and BG_PPAP) have been shown to localize to plasmodesmata and regulate plasmodesmatal permeability (Levy et al., 2007; Benitez-Alfonso et al., 2013) . Here we tested the role of three functionally uncharacterized β-1,3-glucanases, whose expression is highly enriched in roots, and BG_PPAP, which is the only one of the three known plasmodesmata-localized β-1,3-glucanases Fig. 7 . cals5 mutants are less sensitive to the growth-inhibiting effect of 600 µM iron than the wild type. (A-C) Five-day-old roots (genotypes indicated) were transferred for 3 d to (A-C) regular MS medium or (A'-C') medium containing 600 µM iron and then stained with propidium iodide (PI) to visualize the cell walls. Scale bar=100 µm. The yellow arrowheads indicate the end of the meristematic zone and the beginning of the elongation zone. (D) Mean increase in the length of the primary root during the 3 d period post-transfer to control medium or medium containing of 600 µM iron. Percentages below the root genotypes indicate the percentage inhibition of growth relative to control roots transferred to MS medium. Two-tailed t-test; asterisks indicate P<0.05, n>14; error bars indicate the SE. Blue stars indicate that growth is statistically different from the wild type under control conditions. that is stress responsive (pdBG1 and pdBG2 play essential roles in lateral root development). BG6 and BG_PPAP were nonredundantly required for copper-induced decreases in callose levels and associated increases in CF movement. Under control conditions, both the bg_ppap and bg6 mutants showed elevated levels of callose, suggesting that both play some role in regulating basal callose levels in the absence of a stress response (Fig. 6) . BG_PPAP, pdBG1, and pdBG2 are all glycosylphosphatidylinositol (GPI)-anchored proteins, which constitutively localize to plasmodesmata (Gaudioso-Pedraza and Benitez-Alfonso, 2014) . In contrast, BG6 (At4g16260) shares similarity to the predicted pathogenesis-related (PR) β-1,3-glucanase, NtGLA. In Nicotiana tabacum, NtGLA is an intracellular protein that localizes to the vacuole (Zavaliev et al., 2013) . Despite this localization, NtGLA functions in the constitutive regulation of callose at plasmodesmata, similar to the function of BG_ PPAP in A. thaliana. The localization of BG6 is not known; however, it shares >50% identity with NtGLA. In the absence of a GPI anchor, Zavaliev et al. (2013) propose that NtGLA transiently associates with plasmodesmata by an alternative secretory pathway; similar models Fig. 8 . β-1,3-Glucanase mutants are more sensitive to the growth-inhibiting effect of 50 μM copper than the wild-type. (A-C) Five-day-old roots (genotypes indicated) were transferred for 3 d to (A-C) regular MS medium or (A'-C') medium containing 50 μM Cu and then stained with propidium iodide to visualize the cell walls. Scale bar = 100 μm. (D) Increase in the length of the primary root during the 3 d post-transfer to control or medium containing of 50 μM copper. Percentages below the root genotypes indicate the percentage inhibition of growth relative to MS-grown roots. Two-tailed t-test; asterisks indicate P < 0.05, n > 14; error bars indicate the SE. Blue stars on bars indicate that growth is statistically different (P < 0.05; two-tailed t-test) from the wild type under control conditions. Fig. 9 . β-1,3-Glucanase mutants accumulate excess copper in the root tip. Accumulative signal intensity of copper in arbitrary units (AU) in the wild type, bg_ppap, and bg6 after 24 h of 50 µM Cu; n=3 for each group. The x-axis corresponds to the location of the sample taken along the root, with punch 1 being at the meristem and moving shootwards.
are possible for BG6. Despite unknown plasmodesmatal localization, BG6 both maintains basal callose levels and is required for copper-induced decreases in callose and increases in plasmodesmatal permeability in the root of A. thaliana.
A common response of plants to abiotic stress is an increase in callose and a stunting of root growth. Here we show that conditions that decrease callose levels in response to copper or iron stress ameliorate the inhibition of primary root growth. cals5 lines, which have reduced basal levels of callose, are less sensitive to the inhibitory effects of both excess iron (Fig. 7) and copper (Fig. 8 ) on primary root growth, indicating that factors that decrease callose levels in response to heavy metal stress may buffer the negative effects on primary root growth. Consistent with this model, Zhang et al. (2015) recently identified a β-1,3-glucanase, SbGlu1, which is responsible for resistance to aluminum in particular cultivars of soybean. When SbGlu1 was heterologously expressed in A. thaliana, the SbGlu1-expressing plants accumulated less callose in response to excess aluminum and had increased resistance to aluminum as assayed by primary root growth. These results suggest that stress-induced callose inhibits root growth and that mechanisms that moderate callose levels may lessen the impact of heavy metals on primary root growth.
It should be noted that the short-term responses that we measured here might not reflect longer term effects. Under suboptimal nutrient conditions, root system architecture generally changes to increase the formation, emergence, and growth of lateral roots at the expense of the primary root. The increase in lateral branching increases the foraging capacity of the root, and in the cases of nutrient excess may allow the root to grow into less toxic soils. Classic experiments using barley grown in soils with heterogeneously distributed nutrients show that the root system dramatically increased lateral root growth and the emergence of root hairs into regions of favorable nutrient content (Drew, 1975) . Thus, an inhibition of primary root growth (via the generation of reactive oxygen species, increases in the deposition of callose, or both) may represent an initial step in the release of root apical dominance that allows for an increase in lateral branching.
A surprising finding of our analysis was that in response to treatment with 50 µM copper there is a significant decrease in the levels of callose in the meristem and elongation zone of A. thaliana roots (Fig. 3) . Previous analysis of the effects of copper on callose levels in Silene paradoxa indicated a correlation between the ability to break down callose in response to elevated levels of copper and copper resistance (Colzi et al., 2015) . When sensitive S. paradoxa seedlings were exposed to excess copper there was an increase (~50%) in the accumulation of callose. In contrast, in resistant plants, exposure to excess copper triggered a decrease (75%) in the callose levels. In the sensitive plants, excess copper induced root swelling and cell death, similar to what we observed in the bg_ppap-1 and bg6-1 roots (Fig. 8) , whereas there were no morphological changes in the resistant lines. These results suggest that the ability to break down callose may be a naturally evolved mechanism to mitigate the toxic effects of elevated levels of copper.
Exposure of roots to osmotic stress is one of the few growth conditions that, similarly to excess copper, increases plasmodesmatal permeability. When grown under conditions of hyperosmolarity, there is a rapid and transient increase in plasmodesmatal permeability in P. sativum roots, which may allow the movement of sugars (and other osmolytes) into the root meristem and elongation zone and thus maintain normal turgor pressure and prevent plasmolysis (Schulz, 1995) . In contrast, the trend in the bg_ppap-1 and bg6-1 mutants, which no longer show increased plasmodesmatal permeability in response to copper, is root swelling. Examination of the effects of excess copper on the cellular morphology of Allium cepa or Allium sativum (where root cells are large and easily imaged) showed a loss of the normal transverse organization of cortical microtubules in interphase cells (Liu et al., 1994; Qin et al., 2015) . Similarly, Horiunova et al. (2016) reported random orientation of cortical microtubules in the epidermis of A. thaliana (var. Landsberg) roots after treatment with excess copper. Interestingly, of all the metals which Horiunova et al. (2016) tested (including cadmium, zinc, and nickel), copper most strongly disrupted the orientation of microtubules in A. thaliana. This is consistent with the radially swollen phenotype that we see in the bg_ppap-1 and bg6-1 roots after growth on excess copper and suggests that the microtubule cytoskeleton may be a particular target for copper toxicity.
Since elevated levels of copper are particularly toxic to cells, plants have evolved mechanisms to deliver copper to the appropriate subcellular compartment and thereby maintain free copper at low levels within the cytoplasm of the cell. An interesting aspect of copper homeostasis is the remobilization and redistribution of copper during leaf senescence. During the process of leaf senescence, copper ions are scavenged from the dying leaf and shunted towards regions of growth (e.g. reproductive tissues). Interestingly in A. thaliana there is some evidence that the copper chaperone, CCH, which functions in the mobilization of copper in senescing tissues is phloem mobile and traffics through plasmodesamata (Mira et al., 2001) . Therefore, conditions that increase plasmodesmatal permeability may increase the mobility of copper.
The increase in plasmodesmatal permeability in A. thaliana roots in response to 50 µM copper appears beneficial to the plant; when this response is attenuated, plants have poor root growth, decreased viability of the meristem, and altered distributions of copper. Given that heavy metals move symplastically at several points in their transport, decreased copper mobility (a consequence of decreased plasmodesmata permeability) could explain the 2-fold increase in copper concentrations in the root apices of the β-1,3-glucanase mutants compared with the wild type. The bg_ppap-1 and bg6-1 roots may be less able to move copper out of the root tip into the xylem for transport into the shoot. However, when copper accumulation in shoot tissues was examined in A. thaliana seedlings grown hydroponically in excess copper, there was little translocation into the shoot, indicating that sequestration of copper in shoot tissue may not be a major mechanism for detoxification of copper in A. thaliana (Lequeux et al., 2010) .
Another possibility is that bg_ppap-1 and bg6-1 take up more copper than wild-type roots. The uptake of copper from the soil relies significantly upon the high-affinity Cu transporter, COPT1. COPT1 is a plasma membrane-localized protein located particularly at the root tips in A. thaliana (Sancenón et al., 2004) , which is the region of the roots in which we see excess copper in the bg_ ppap-1 and bg6-1mutants. It is unclear how changes in symplastic connectively would regulate the acquisition of copper in the root meristem; however, both iron and phosphate homeostasis in the root meristem are regulated by the long-distance trafficking of shoot-derived proteins and RNAs (Vert et al., 2003; Lin and Chiou, 2008; Pant et al., 2008; Liu et al., 2016) . It is conceivable that similar feed-back mechanisms regulate copper.
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